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By Peter F. Intrieri

SUMMARY

Tests were made of a short blunt-nosed i0 ° half-angle cone with and

without a 50o half-angle conical afterbody in a pressurized ballistic

range at nominal Mach numbers of 3.5 and 8.5 and nominal Reynolds numbers

of 90,000 and 220,000, respectively. It was found that the models were

statically stable about the center-of-gravity location tested but exhib-

ited neutral dynamic stability for flight at constant altitude. The

static stability was not affected by the 500 half-angle conical afterbody,

but was nonlinear with angle of attack and varied with Mach number. The

nonlinear variation of the pitching moment with angle of attack was accu-

rately approximated by a cubic polynomial. The static stability was only

qualitatively predicted by modified Newtonian theory. The drag character-

istics were in good agreement with values calculated by use of modified

Newtonian theory.

Calculations of the oscillatory behavior of the configurations flying

an example entry trajectory through the Martian atmosphere indicated the

configurations to be dynamically satisfactory. Pitching motions should

converge to a small fraction of the amplitude at entry, provided the

initial angle of attack and pitch rate are not large enough to cause

tumbling.

INTRODUCTI ON

A coordinated study program has been undertaken at the Ames Research

Center to provide information on aerodynamic problems associated with the

design of probe vehicles for entry into planetary atmospheres. One of

the problems is providing the required aerodynamic stability for orienting

the vehicle properly during the early phase of entry prior to the point

of maximum heating. Achieving the required orientation through the use

of aerodynamic stability alone would be desirable and would result in a

completely passive system. Another problem concerns the oscillatory

behavior of the vehicle as it descends through a planetary atmosphere.
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It has been shownin references I and 2 that divergent oscillations can
begin near the altitude at which dynamic pressure is a maximum. Whether
divergent oscillations will or will not begin at this altitude depends on
the aerodynamic damping of the vehicle.

As part of the coordinated program, this investigation was conducted
to determine the static and dynamic stability and drag at Machnumbersof
3.5 and 8.5 of a configuration believed representative of suitable probe
vehicles. The configuration selected was a blunt-nosed i0 ° half-angle
cone with a flat base which is knownto satisfy manyof the requirements
of an entry vehicle. However, previous tests have shownthat flat-based
bodies of revolution are generally statically stable about two trim atti-
tudes, one nose forward and one base forward. Thus this type of vehicle
could_ without proper initial orientatlon_ be trimmed in the base-forward
attitude_ in which case it would not be properly protected against aero-
dynamic heating. Therefore the base geometry was modified to provide a
unique nose-forward stable attitude of the vehicle. The required orienta-
tion stability was achieved by a rearward-pointing conical afterbody added
to the base. The conical afterbody selected was the shortest one which
would adequately provide this stability, a 50° half-angle cone. Explora-
tory investigations were also madeof the model without afterbody to
determine the effect of the afterbody on the aerodynamic characteristics.

Results of another phase of the coordinated program are presented
in reference 3- In that investigation the stability characteristics of
the models with and without afterbodywere obtained for Machnumbersfrom
0.60 to 2.2. The present investigation was conducted in the Ames
Pressurized Ballistic Rangeat nominal Machnumbersof 3-5 and 8.5 and
Reynolds numbersof 90,000 and 220,000, respectively, based on free-stream
conditions and model diameter. The models were tested in air; hence,
the results obtained are applicable for entry of these vehicles into the
earth's atmosphere. However, available information (see, e.g., ref. 4)
indicates that the Martian atmosphere is composedpredominantly of nitro-
gen which has thermodynamicproperties very similar to those of air.
Therefore, the results obtained in the present investigation should be
applicable for entry of these vehicles into the Martian atmosphere.
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SYMBOLS

A

C

CD

reference area, maximum body cross-sectional area, sq ft

arbitrary constant in equation (8)

total dra_
drag coefficient,
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Cm

c_

d

g

H

ly

k

K

El, 2, 3

m

M

Ml

Ma, s

P

q

%o

R

Re

lift-curve slope, per radian

pitching-moment coefficient,
pitching moment

, dimensionless
q Ad

pitching-moment-curve slope, per radian

damping-ln-pit ch derivative, 8Cm

_(qd/V)

normal-force-curve slope, per radian

+ _Cm

8(&d/V)' per radian

reference diameter, maximum body diameter, ft

acceleration due to gravity, ft/sec e

geopotential altitude, ft

transverse moment of inertia, m_ 2, slug-ft a

constant in equation (i), dimensionless

dynamic stability parameter for variable density (eq. (9)),
dimensionless

constants in equation (3), deg

mass of model, slugs

Mach number, dimensionless

defined by equation (A2), ft -2

cubic restoring moment coefficients, defined by equation (AI),
ft-a

roll rate radians/ft
roll parameter, velocity '

angular pitching velocity_ radians/sec

free-stream dynamic pressure, ib/sq ft

universal gas constant, fta/sec a OR

Reynolds number based on free-stream air properties and max-

imum diameter, dimensionless

temperature, OR
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u

V

Xcg

X,Y,Z

_r

_rms

Y

SI_2

e,$

D

tOl,e

(')

horizontal component of flight velocity, ft/sec

velocity along flight path, ft/sec

axial distance from model nose to center-of-gravity position,

ft

earth-fixed axes; also displacements along these axes, ft

angle of attack in earth-flxed axes (angle between model axis

and resultant wind direction projected onto the vertical

XZ plane), deg or radians

resultant angle of attack, _2 + _a, deg or radians

!

root-mean-square resultant angle of attack, J florax dx, deg

angle of sideslip in earth-fixed axes (angle between model

axis and resultant wind direction projected onto the

horizontal XY plane), deg

flight-path angle (referenced to the local horizontal), deg

damping exponents in equation (3), ft-l

attitude coordinates of the model relative to earth-fixed

axes, deg

wave length of pitching oscillation, ft/cyele

dynamic stability parameter for constant altitude (eq. (7)),

dimensionless

atmospheric density, slugs/cu ft

transverse radius of gyration, ft

ratio of rotation of complex vectors which generate the model

pitching motion (eq. (3)), radians/ft

first derivative with respect to time
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Subscripts

cg

i

center of gravity

initial condition



man

O

oo

maximum

minimum

condition at surface of planet

free-stream conditions

DESCRIPTION OF TESTS

Models and Sabots

Sketches of the models showing pertinent nominal dimensions are

shown in figure I. The aftersection of each model was machined from

7076-T6 aluminum; the front sections of the models with and without after-

bodies were machined from phosphor bronze and titanium, respectively, to

obtain the same center-of-gravity location, 0.48 d from the nose. The

position of the center of gravity for the models was measured accurate
to within 0.001 inch. The small screw on the base of the flat-based

model was used to secure the model to the sabot. The point on the base

of the screw on this model and the apex of the 500 half-angle cone on

the other model served as reference points for reading the position of

the models in the shadowgraph pictures. The dimensions of the models for

each configuration deviated only slightly from those shown in figure !.

Some of the measured physical characteristics of each model are listed

in table I.

Photographs of the models with their respective sabots are presented

in figure 2. The sabots were made of Lexan plastic and were split in two

pieces_ as shown. A hole drilled through the sabot allowed powder gases

inside the sabot to separate the sabot halves from the model upon emerging

from the gun muzzle. The model with afterbodywas held in correct aline-

ment in the sabot by gluing the afterbody in the conical section of the

sabot.

Test Technique and Test Conditions

The models were tested in free flight by launching them from guns.

A caliber 50 powder gas gun was used to obtain a nominal model velocity

of 4,000 feet per second, and a caliber 50 shock-heated helium gun to

obtain a nominal model velocity of i0,000 feet per second, corresponding

to nominal Mach numbers of 3.5 and 8.5, respectively. The test environ-

ment was air at rest in the test section of the Ames Pressurized Ballistic

Range. To obtain adequate definition of the motions of the models through



the test section with the given spacing of shadowgraphstations in the
range3 the frequency of oscillation of the model was reduced by conducting
the tests at reduced static pressure. The test-section static pressure
was adjusted to 1.5 psia, which gave the desired wave length of oscilla-
tion and corresponds to the Reynolds numbers shownin table I. (Table I
lists the average values of Machnumberand Reynolds number for each
flight.)

The trajectory of the model through the test section was recorded
over a 203-foot trajectory in 24 shadowgraphstations located at various
intervals. Side and plan views of the model are recorded in each shadow-
graph along with reference wires from which X, Y, Z_ e, and _ coordinates

could be read - the linear coordinates within 0.005 Inch, and angles within

0.25 ° . The orientation angles 8 and _ were read relative to earth-fixed

axes. Corr@ctigns were made for the angle between the resultant wind

direction and earth-fixed axes to give values of _ and _. Time of model

flight between stations was recorded wlth a precision chronograph to within

5/8 microsecond. Typical shadowgraph pictures of the models in flight are

presented in figure 3-
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REDUCTION OF DATA

Drag

The determination of drag coefficient from the time-distance data

was based on the procedure described in reference 5, in which a constant

drag coefficient is assumed. A procedure applicable to cases where the

drag coefficient varies with angle of attack is presented in reference 6.

It is sho_m in this reference that if the drag coefficient varies with

the square of the local resultant angle of attack, according to the
relation

CD = CDo + k_r 2 (i)

the drag coefficient obtained by the method of reference 5, under certain

additional constraints, is the drag coefficient that would be obtained at

a resultant angle of attack equal to the root-mean-square resultant angle

of attack, C_ms _ defined as

IO X dx_ll/2
+ (2)

_rms = x --
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Stability Derivatives

Stability derivatives were obtained from analysis of the pitching

and yawing motions of the models by fitting the following equation to

the measurements of _ and _ of each flight.

Kle(_l + i_l) x (q2 - i°_a)x ipx+ Kee + Kee (3)+ is

Equation (3) is the solution of the linear differential equation of

motion, as given in reference 7, and includes effects of model spin and

trim angle on the motion. Some of the basic assumptions used in the

development of this equation are: axially symmetric configuration, lin-

ear variations of force and moment with angle of attack, small angular

displacements, and small angles of trim. Equation (3) programmed for

machine computation for the investigation reported in reference 8 was

used to select optimum values of the constants by an iterative process

of differential corrections.

The static stability derivative, Cm_, was computed from the wave

length of oscillation by means of the following relation applicable to

linear moment curves

-Cm_ - 82_ry (4-)
h2p.A.d.

where

= 2_ (_)

The dynamic stability parameter, _, was determined from the constants

ql and q2 by means of the relation

ql + q2 = pA_ (6)
2m

where

= cD - c_ + (c_ + C_)(d/_) _ (7)

It has been shown in references 8 and 9 that _, in the form shown in

equation (7), is a convenient parameter for describing the dynamic
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stability of a vehicle in free flight at constant altitude. The values
of _, presented in this report, were calculated with the assumption of
a linear system over the angle-of-attack range covered by any one flight.
Each value of _, therefore, is the dynamic stability parameter of an
equivalent linear system whose amplitude of oscillation would grow or
diminish in the sameway as that experienced by the model.

lllustrations of the types of motions encountered in the present
tests, as viewed in the _ - _ plane, are shownin figure 4. Since the
models are aerodynamically symmetric, the angular displacement of the
model, at any instant, can be represented also by the resultant angle of
attack, _r, whose orthogonal componentsare the angles _ and _. It can
be seen from figure 4 that, in general, the data showprecessing ellip-
tical motions, and that the angle range through which the models oscil-
late differs for each flight. The curves shownin figure 4 were obtained
by fitting equation (3) to the experimental data. The fitted curves
agreed with the measuredangles within the measuring accuracy.
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RESULTS AND DISCUSSION

A total of 15 flights were made for analysis of static stability,

dynamic stability, and drag. Ten flights were made of models with after-

body (five each at Mach numbers 3.5 and 8.5), and five flights of models

without afterbody (three at Mach number 3.5 and two at Mach number 8.5).

Experimental values of Cm_, _, Cnk! + Cm_, and CD are summarized in

table I. Theoretical estimates of CD, Cm, and Cm_ were made, using

the equations developed in reference i0, based on Newtonian theory. The

theory was modified by use of the stagnation-pressure coefficient behind
a normal shock wave.

Drag

The measured values of drag coefficient plotted as a function of the

root-mean-square resultant angle of attack in figure 5 show that the drag

increases slightly (approximately 14 percent) as the angle of attack is

increased from 0° to 28 °. These data also show no measurable difference

in the drag of the two configurations in this angle-of-attack range, but

indicate a slight decrease (approximately 5 percent) as the Mach number

is increased from 3.5 to 8.5. Values of CD estimated by modified

Newtonian theory, also included in this figure, show close agreement with

the measured values but indicate an opposite trend with Mach number.
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Static Stability

The experimental values of the equivalent linear pitching-moment-curve

slope, C_, are presented in figure 6, for both afterbody configurations,

as a function of the maximum resultant angle of attack, _rmax" The data

have been corrected for the small variations in center-of-gravity location

shown in table I to a common center-of-gravity position, using the value

of CN_ at zero angle of attack estimated by modified Newtonian theory.

The data, presented in figure 6, show that although both configura-

tions are statically stable throughout the angle-of-attack range inves-

tigated for Mach numbers 3.5 and 8.5, the stability decreases with

increasing Mach number and increases with increasing angle of attack at

each Mach number. The data also show no measurable difference in the

stability of the two configurations, which indicates that the afterbody

contributes little to the static stability in the angle-of-attack range

covered here. The variation of Cm_ with angle of attack indicates the

variation of the pitching moment with angle of attack is not linear for

either configuration.

A method which permits analysis of the observed pitching and yawing

motions of a symmetrical body having a nonlinear pitching moment to obtain

local values of Cm and Cm_ is developed in reference ii under the assump-

tion that the nonlinear moment curve can be described by a linear term

plus a cubic term. (The local value of Cm is that value which would be

observed in a wind tunnel with the model held at a constant angle of

attack.) Application of this method to the data of this report is dis-

cussed in the appendix. The local values of Cm and Cm_ computed by

this procedure are presented in figures 7, 8, and 9. Comparison of these

values of Cm, for Mach number 3.5, with unpublished wind-tunnel values

for the same configuration at about the same Mach number in figure 7, shows

that the data are in excellent agreement throughout the angle-of-attack

range investigated. This agreement offers experimental evidence of the

ability of the method developed in reference ii to determine accurately

from free-flight tests the local values of Cm and Cm_ for a symmetrical

configuration with a nonlinear pitching moment. It should be pointed out

that although the data compared in figure 7 were obtained at different

Reynolds numbers, the results suggest no effect of Reynolds number on the

stability of the present models in the range covered.

Comparison of the present experimental data at the two test Maeh

numbers, with modified Newtonian theory in figure 8, shows that the sta-

bility of the configurations at the lower angles of attack is reduced as
the Mach number is increased from 3-5 to 8.5. Unpublished data for a

model, similar to those used in the present test_ fired in the Ames Super-

sonic Free-Flight Wind Tunnel at a Mach number of i} are included in fig-

ures 8 and 9- At a Mach number of I_, the initial stability is the same

as at Mach number 8.5. F_rthermore, as the angle of attack is increased,
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the stability is seen to increase more rapidly with increasing Mach
number, so that at an angle of attack of about 40° , the configurations
exhibit the highest level of stability at the highest Machnumber. This
increased nonlinearity of the pitching momentwith angle of attack for
increasing Machnumber is more evident in figure 9, which showsthe value
of Cn_ at zero angle of attack to be about 75 percent greater for Mach
number 3.5 than the value for Machnumbers 8-5 and 15; whereas, at an
angle of attack of 33°, the value of Cm_ for Machnumber3.5 is about
40 percent less than the value for Machnumber15 and about 22 percent
less than the value for Machnumber8.5.

Values of Cmand Cm_ estimated by modified Newtonian theory
presented in figures 8 and 9 indicate the theory to be useful only for
predicting qualitative trends and not for making quantitative estimates
of the stability of these configurations.

Although experimental measurementof the static stability of the
model with afterbody at angles of attack near 180° (backward orientation)
was beyond the scope of the present investigation, one exploratory flight
was madewith the model launched backwards to determine whether it would
remain flying backwards or, as expected from calculations, would begin
righting itself to a nose-forward attitude. The model was launched at
an angle of attack near 180° at a nominal velocity of i0,000 feet per
second (M = 8.5) at the sameconditions mentioned previously for the other
flights. Examination of the photographic records of this flight showed
that the model tumbled (in the vertical plane) throughout the 203-foot
length of the test section.l Tumbling rates measuredfrom the angular
orientation-distance history of this flight at stations where the model
was traversing 180° and 0° angle of attack indicated that the model emerged
from the gun with an initial tumbling rate of 4° per foot and achieved
a tumbling rate of 13.3° per foot at zero angle of attack. (The initial
tumbling rate of 4° per foot resulted from the model-sabot separation
process.) This observed initial tumbling rate and the pitching moments
given by modified Newtonian theory were used to calculate the tumbling
rate that would be expected at zero angle of attack. (It should be noted
that according to modified Newtonian theory the model is stable only in
the nose-forward attitude.) The calculated tumbling rate at zero angle
of attack was 13.6° per foot, which is in excellent agreementwith the
measuredvalue. Although the calculation is not sufficiently precise to
discard the possibility of a small stable region occurring near 180° angle
of attack_ the excellent agreementbetween theory and experiment does
suggest that this possibility is unlikely.
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IContinued tumbling would be expected for _- __ at constant dynamic

pressure as was the case here. However aynamic pressure were to

increase with time as it does for enti _ an atmosphere, the tumbling

motion would be damped.
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Dynamic Stability

The results of the dynamic stability measurementsare presented in
figure i0, where values of the dynamic stability parameter, _, are plotted
as a function of the maximumresultant angle of attack, _rmax. Positive
values of _ represent a divergent model motion (dynamic instability),
and negative values represent a convergent model motion (dynamic stabil-
ity). Values of _ = 0 represent a model motion that would neither
diverge nor converge but would remain at a constant amplitude of oscilla-
tion (dynamically neutral). These data, presented in figure i0, showthat
for flights of both configurations, where the peak amplitude of oscillation
is at least 7° , the measuredvalues of _ are very close to zero and
indicate that the afterbody has little effect on the dynamic stability
in this angle-of-attack range. The largest value of _ is 0.65 and is
equivalent to a divergence of less than i percent per cycle. As can be
seen from figure i0, a value of _ = -3.25 was measuredfrom a flight of
a model without afterbodywith a peak amplitude of oscillation less than
3° . This value of _ is approximately equivalent to a convergence of
about 5 percent per cycle. To determine the largest reasonable variation
in the experimental value of _ for this flight, a probable error or
0.25° in the angle-of-attack measurements, determined statistically from
many readings by several observers, was introduced to the input data of
this flight. These errors oriented in the worst possible arrangement
resulted in a change in the value of _ of about 0.5. Therefore, it is
indicated that the model without afterbody is dynamically stable in flight
at constant altitude for amplitudes of oscillation near 3° . The effect
of afterbody on the dynamic stability in this low-angle-of-attack range
could not be determined since the mlnimumpeak amplitude of oscillation
obtained for models with afterbody was about 7° .

Values of the damping-in-pitch derivative, CnkI + Cn_, were calculated
by meansof equation (7) using the values of _ (fig. i0) and CD (fig. 5)
measuredfrom the present tests with values of CL_ obtained from unpub-
lished wind-tunnel measurements,and are presented in figure ii as a func-
tion of _rmax. The damping-in-pitch derivative, Cmq+ C_, is a measure
of the dynamic stability of a model at constant flight velocity when the
model is not free to plunge, for example, in wind-tunnel tests. These
data show about the sametrends, as those observed for values of _ in
figure I0, namely, small dynamic stability for the models without after-
body at _rmax near 3°, and neutral or slight dynamic stability for both
configurgtions at the higher angles of attack. It is interesting to note
that whereas most of the values of _ for _rmax above 7° were slightly
positive (see fig. i0), the corresponding values of CnkI + Cm_ for these
sameflights are seen to be slightly negative. Thus, the combination of
CDand CL_ overshadowthe stabilizing damping-in-pitch derivative to
produce a divergent motion in these flights at constant altitude.
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Application of the Present Results to a Full-Scale Vehicle
Entering the _rtian Atmosphere

To determine the significance of the present results when applied
to a full-scale vehicle entering a planetary atmosphere, calculations
were madeof the oscillatory behavior of the present configurations flying
an exampleentry trajectory through a model of the Martian atmosphere.
To perform the calculations it was necessary to have available an example
entry trajectory. This trajectory is required because studies of the
oscillatory behavior of missiles entering the atmosphere on ballistic
trajectories (ref. i) have revealed that the rapid increase in atmospheric
density experienced by such vehicles is a controlling factor governing the
variations in magnitude of their oscillations. The following assumedini-
tial conditions were used to computethe entry trajectory for this example:
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Vi = 21,000 ft/sec

7i = 40 °

H i = 800_000 ft

m

COA
- 1.24 slugs/ft

In addition_ the well-known assumption that the atmospheric density varies

exponentially with altitude was applied:

p = po e RT

Available info_tion (see, e.g., ref. 4) shows that approximate mean

values of these parameters, for Mars, are

Pc = 0"000409 slug/fts

T = 316 ° R

go = 13.16 ft/sec 2

R = i716 fta/sec 2 °R

These conditions define the entry trajectory considered.
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An analysis which describes the oscillatory motions developed by

vehicles as they descend through an atmosphere is presented in refer-

ence 2. In this reference it is shown that for constant aerodynamic

coefficients the envelope of these oscillations has the simple form

c_ = cI-_11"_
(8)

(In the analysis the vehicle is assumed to be initially oriented nose

forward with zero initial pitch rate.) Although the experimental data

show the pitching moment to be nonlinear with angle of attack, the dynamic-

stability results are seen to be linear with angle of attack. It follows

that the use of equation (8) to study the oscillatory behavior of the

present configurations will not be precisely valid, but it should be indic-

ative of the dynamic behavior to be expected. It has also been shown in

reference 2 that the dynamic stability parameter K, in the form

K = I/C D I-CIr.+ (Cmq + Cm_)(d/_)21
(9)

is a convenient parameter for describing the dynamic stability of a vehicle

descending through a planetary atmosphere. It can be seen from a compar-

ison of equations (7) and (9) that K can be expressed in terms of _ and

CD as follows:

1 (zo)
CD

Values of K were computed using the measured values of _ (see fig. i0)

and CD (fig. _) and are presented in figure 12 as a function of _rmax.

From these data it was considered that a value of K of -0.6 would be a

reasonable mean value to use in equation (8). This value of K and the

example entry trajectory were introduced in equation (8), expressed in

ratio form, and values of the amplitude ratio (_/_i)max were computed

and are presented in figure 13 as a function of altitude. The results in

this figure show that for K = -0.6 the amplitude ratio diminishes very

rapidly; in fact, at 553000 feet, the lowest altitude for which the cal-

culations were performed, the amplitude of oscillation is less than 3

percent of the initial amplitude. Because of the scatter in the values

of K (see fig. 12), it was decided to investigate the effect of small

changes in K on the motion. For the case of K = 0, which from figure 12

appears to be the worst possible case, it can be seen in figure 13 that
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the motion is divergent below the altitude for maximum dynamic pressure

(approximately 130,000 feet), but the amplitude does not grow excessively.

The amplitude of oscillation at 55,000 feet is still only about 8 percent

of the initial amplitude. From these calculations, the oscillatory behav-

ior of these configurations appears to be satisfactory for entry into the

Martian atmosphere.

CONCLUSIONS

Ballistic-range tests conducted at Mach numbers 3.5 and 8.5 and

Reynolds numbers of 90,000 and 220,000, respectively, of a blunt-nosed

i0 ° half-angle cone with and without a 50o half-angle conical afterbody

have led to the following conclusions.

!. The models were statically stable about the center-of-gravity

location tested. The static stability was not affected by the 500 half-

angle conical afterbody for angles of attack up to 32 °, but was nonlinear

with angle of attack and varied with Mach number.

2. The nonlinear variation of the pitching moment and pitching-

moment-curve slope with angle of attack was accurately approximated by a

cubic polynomial.

3. The models exhibited neutral dynamic stability for flight at
constant altitude.

4. Modified Newtonian theory gave only qualitative estimates of the

static stability and was not quantitatively accurate. The drag charac-

teristics were in good agreement with the values calculated using modified

Newtonian theory.

5. The oscillatory behavior of the present configurations appears

to be dynamically satisfactory for entry into the Martian atmosphere.

Pitching motions should converge to a small fraction of the amplitude at

entry, provided the initial angle of attack and pitch rate are not large

enough to cause tumbling.

Ames Research Center

National Aeronautics and Space Administration

Moffett Field, Calif., Jan. 9, 1962



. 15

APPENDIX A

APPLICATION OF NONLINEAR PITCHING-MOMENT ANALYSIS

A method which permits analysis of the pitching and yawing motions

of a symmetrical body having a nonlinear pitching moment to obtain the

local values of Cm and Cn_ is described in reference ii. The method

assumes that the nonlinear pitching moment can be described by two terms,

the first proportional to the resultant angle of attack, and the second

proportional to the cube of the resultant angle of attack, of the form

Mz = -Mm(ccr) - 2Ms(c_r) 3 (AI)

where

Ml pad
= 2z-7 %

A simple expression is then derived which relates the constants Ma and

M3 in equation (AI) to the wave length of oscillation, h, obtained from

analysis of free-flight data using linear equations. For the present

case, that is, a pitching moment that grows faster than a linear moment

and for values of the ratio (_rmln/_rmax)2 from zero to one-half, the

expression becomes (see ref. ii)

= Ma + 1.44 Ms rmax a + mrmin (A3)

By use of this expression, values of the cubic restoring-moment coeffi-

cients_ M a and M3, can be obtained from the observed wave lengths and

amplitudes of independent flights of the models at similar testing con-

ditions. According to equation (A3) , the applicability of the method to

the data of this report rests on the approximate linear relationship of

the observed frequency with the maximum and minimum amplitudes of the

motion. Therefore, in order to determine the validity of the assumption

of a cubic pitching-moment variation with angle of attack, the observed

frequency (2_/h) 2 was plotted as a function of the amplitudes of the

motion (_rmax)2 + (_rmin)2 for each flight and is presented in
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figure 14. It can be seen from this figure that the data fall very

closely along straight lines for each Mach number, and therefore a cubic

pitching-moment variation is an excellent approximation. It should be

mentioned in relation to this figure that the measured wave lengths for

the models without afterbody were adjusted so that the value of DAd/21y

used in equation (A2) would be the same as the value used for the models

with afterbody, which is 0.132 ft -2. As can be seen from figure 14, these

data fall on the same straight lines as do the data for the models with

afterbody. Thus it is again shown that the afterbody contributes little

to the stability over the angle-of-attack range investigated.

The data presented in figure 14 for each Mach number were fitted by

the method of least squares, and the values of the coefficients M2 and

M3 were found to be

Mach number M_

0.00935

.00503

0.00457

.00929
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(b) Model without oftefbody

Figure i.- Ske%cheS of mo&elS sho_ing nomlna_ dimensiOnS"
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Figure 3 .- Typical shadowgraphs of models in flight.
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Figure 3.- Continued.
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Figure 3.- Continued.
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